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This article presents a theoretical analysis of laser plume formation in terms of Knudsen layer when a 
femtosecond laser  pulse  was irradiated on a  thin gold  foil  in  terms of  gas  dynamics  equations.  The laser  
spot was assumed to be noncircular laser spot radius, giving an ellipsoidal form of expansion. The profile of 
the plume will be discussed depending on the laser fluence and beam waist. Analytical solution of this ex-
pansion will be presented for the density of vapor plume. 
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1. INTRODUCTION 
 
Femtosecond laser pulse irradiated on a thin gold 
film can initiate the plume on the surface due the ther-
mal expansion and high temperature gradient as a part 
of laser ablation. This thermal expansion (plume expan-
sion) can play an important role in determining the 
Knudsen layer characteristics. Deposition and/or abla-
tion can be of great interest in vast fields of physics, e.g., 
thin film deposition, material evaporation. A clear un-
derstanding of the physics defining the plume expansion 
is of fundamental importance in such applications of 
laser ablation as thin films deposition and mass spec-
trometry. Quality of the deposited films in pulsed laser 
deposition  [1,  2]  and  quality  of  mass  spectra  in  matrix  
assisted laser desorption ionization [3, 4] are critically 
dependent on the velocity distributions of the ejected 
species and their spatial distributions in the plume. The-
oretical and computational investigation of the laser 
ablation phenomenon is challenging due to the complex 
collective characters of the involved processes that occur 
at different time and length scales [5, 6]. 
Plume behavior can be described as a two-stage pro-
cess: a “violent” plume expansion due to the absorption 
of the laser beam energy (during the laser pulse) fol-
lowed by a fast adiabatic expansion in the ambient gas 
(after the end of the laser pulse). Plasma plume may last 
a few microseconds and may have densities 10 times 
lower than the solid densities at temperatures close to 
the ambient temperature [7]. Many theoretical models 
can be found in the literature concerning the plume ex-
pansion,  some  have  been  in  vacuum  and  others  in  gas  
atmosphere. A clear understanding of the physics defin-
ing the plume expansion is of great importance in many 
laser-matter interactions and laser applications. As soon 
as  the  local  Knudsen number in  the  ablated plume be-
comes high enough to provide the rarified conditions, the 
long-term plume evolution can be modeled using one of 
the methods of the rarified gas dynamics [8]. 
Laser plume dynamics will be discussed based on 
gas dynamics equations into vacuum in terms of Knud-
sen layer depending on the initial dimensions of the 
plume and the laser fluence. Knudsen layer thickness 
is assumed to be smaller than the laser spot size of 
femtosecond pulse duration. The expansion into a vac-
uum will be presented by three dimensional analyses 
with an assumption that an ellipsoidal expansion is 
initially formed. The 3D profile will be presented for 
two values of laser fluence. The density of vapor plume 
will be given for many values of noncircular  laser spot 
radius. Analytical solution of the expansion of plasma 
plume described by gas dynamic equation for adiabatic 
expansion on the basis of Anisimove et al. [9] was 
solved numerically for the profile of vapor density. 
 
2. LASER PLUME DYNAMICS 
 
In this section we are going to discuss theoretically 
the equations of laser plume gas dynamics. Equation 
(1) represents the surface temperature distribution for 
the plume of gold film irradiated by Gaussian femto-
second laser pulse [10]: 
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with Fmax is the laser peak flux density. The symbols 
given in the above equation is for thermal properties of 
gold. K is the thermal conductivity, ? is the thermal 
diffusivity ? ? K/??c, ? is density, c is heat capacity, p(t) 
is the normalized pulse magnitude (0 ? p(t) ? 1). Ta-
ble 1 summarize the thermal properties of gold used in 
the numerical simulation of this article. 
 
Table 1 – Parameters of gold used in the simulation 
 
Property ? K ? w 
Definition Thermal dif-
fusivity 
Thermal 
conductivi-
ty 
Density Thermal 
wave 
speed 
Numerical 
value 
1.2 ? 10 – 4 
m2/s 
315 W /  
(m.K) 
19.3 ? 103 
kg/m3 
1.9085 m/s 
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Equation (1) was solved numerically for laser flu-
ence of (13.4 & 23.4 J/m2) and for laser pulse duration 
of 96 fs,  as shown in Fig. 1. 
 
 
 
Fig. 1 – Illustratese the expansion of plume (in terms of 
temperature distribution of vapour plume) for two different 
values  of  laser  fluence  of  13.4  &  23.4  J/m2 as  a  function  of  
Kundsen layer thickness 
 
The expansion of the plume was taken into account 
the  effects  of  laser  fluency  in  order  to  show  how  this  
can influence the expansion in terms of Knudsen layer 
thickness which had been evaporated by thermal effect 
of laser pulse. Laser ablation has to concider this result 
in its application. 
Laser spot radius was found to be effective on the 
plume expansion as shown in Fig. 2. Two values were 
used in the numerical simulation. As can be seen from 
the graph, higher value of laser spot gives higher tem-
perature distribution and expansion. 
 
 
 
Fig. 2 – Representce the influence of laser spot diameter on 
the temperature distribution of the plume in terms of 
Knudsen layer thickness 
 
Fig. 3 shows the numerical simulation of tempera-
ture distribution on the surface of the gold film irradi-
ated by (96 fs) laser pulse duration and fluence of (13.4 
Jm – 2) by solving the characteristic equation of temper-
ature distribution given in equation (1). The heated 
zones  of the gold film were drawn in terms of time –
varying peak temperature of heat transport in the gold 
film during  laser irradiation. Temperature of the heat-
ed zones were found to be symmetric when a Gaussian 
laser pulse was assumed in the numerically solved 
equation (1). The figure shows the influence of laser 
spot diameter on the temperature distribution as in 
Fig. 3a is for laser spot diameter 2.5 mm, while figure 
3b is for 3 mm. 
 
 
a 
 
 
b 
Fig. 3 – Time-varying of temperature distribution of plume 
expansion for Knudsen layer evaporation when irradiated by 
femtosecond laser pulse. (a) laser spot diameter 2.5 mm and 
(b) laser spot diameter 3 mm 
 
The density of the plume will increase as long as the 
laser irradiation is on and the gold film is being ablated 
until a shielding is formed on the surface. As the plume 
expands the electron density decreases allowing again 
the ablation to occurs on the target and so raising the 
density of electron. To investigate the electron density, 
the plume expansion can be considered to be expanded 
thermodynamically adiabatic as in the equation: 
 
 ( 1)[ ( ) ( ) ( )]T X t Y t Z t constant? ? ?  (2) 
 
where T is the temperature of the plume, X(t), Y(t) and 
Z(t) are the dimension of the plume at a time t and ? is 
the ratio of specific heat capacity at constant pressure 
and volume. Due to this expansion, the plasma density 
N is decreasing, as well as its temperature T, 
 
 1T N? ??  (3) 
 
To model the plume dynamics, Anisimov proposed 
an isentropic equation for a spatially constant tempera-
ture with a Gaussian density profile N at any point and 
any time as [9]: 
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where NT is the total number of evaporated parti-
cles at the end of the laser pulse , with plume expan-
sion in three orthogonal directions, and I1(?) is an inte-
gral expressed in terms of the ? function [9]. 
Equation (4) gives the density of all species in the 
plasma plume expansion, i.e, atoms, ions, neutrals, 
small clusters, etc. The density profile of these species 
will be found by solving numerically equation (4), and 
to estimate the total number of evaporated particles at 
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the end of laser pulse. 
Fig. 4 represents the numerical solution of equation 
(4) for the plasma plume expanded from the surface of 
gold target assuming isentropic case. The total ablated 
particles density was plotted in terms of ablation depth 
Z and laser spot diameter. The ablated mass in unit 
volume of the target was found to be dependent on the 
laser  beam  waist.  We  have  assumed  that  a  minimum  
energy was delivered by the laser source in order that 
evaporation occurs. The melted surface layer was calcu-
lated from the laser pulse duration and the thermal 
diffusivity of gold as: 
 
 
2th pL D??  (5) 
 
with D is the thermal diffusivity of gold (1.2 ? 10 – 4 
m2/s), and ?p is the laser pulse duration (96 fs). 
The target temperature was assumed at (300 K), 
and laser fluence (13.4 Jm – 2). The ablation depth was 
calculated from the following equation: 
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where R is the gold reflectivity, Fl is the laser fluence 
for ablation, and Fth is the threshold energy of evapora-
tion, given by: 
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Where ? is the density of gold, CT
 
is the specific heat 
capacity of gold (12.9 J/kg?K), and ?T is the temperature 
difference between melting temperature of gold (1337 K) 
and ambient temperature. 
 
 
 
Fig. 4 – Density of evaporated particles from the target sur-
face as a function of ablation depth and at different laser beam 
waist 
 
3. CONCLUSIONS 
 
Laser plume expansion from thin gold film was in-
vestigated in this article in terms of Knudsen layer for 
adiabatic, non-isothermal case of gas dynamics. The 
results showed that the plume expansion was complete-
ly dependent on the laser pulse parameters, the pulse 
duration, fluency, and beam waist. This dependence 
had been shown implicitly in the plots given. The ana-
lytical equations were solved numerically for special 
case as spatially constant temperature of the laser 
plume. 
 
REFERENCES 
 
1. K.L. Saenger, Proc. Adv. Mat. 2, 1 (1993). 
2. A.V. Singh, R.M. Mehra, N. Buthrath, A. Wakahara, 
J. Yoshida, J. Appl. Phys. 90, 5661 (2001). 
3. A. Rohrbacher, R.E. Continetti, Rev. Sci. Instrum. 72, 
3386 (2001). 
4. F. Hillenkamp, M. Karas, Int. J. Mass. Spectrom. 200, 71 
(2000). 
5. L.V. Zhigilei, A.M. Dongare, CMES 3,539 (2002). 
6. N.M. Bulgakova, I.M. Burakov, Y.P. Meshcheryakov, 
R. Stoian, A. Rosenfeld, I. Hertel, JLMN 2, 76 (2007). 
7. M. Cirisan, J.M. Jouvard, L. Lavisse, L. Hallo, R. Oltra, J. 
Appl. Phys. 109, 103301 (2011). 
8. M.I. Zeifman, B. Garrison, L.V. Zhigilein, J.  Appl.  Phys. 
92, 2181 (2002). 
9. S.I. Anisimov, B.S. Luk’yanchuk, Phys.-Usp. 45, 293 
(2002). 
10. J. Chen, L. He, D.F. Farson, S.I. Rokhlin, Weld. J. 90, 161 
(2011).  
 
 
